Risk alleles at genome loci containing phospholipase A2 receptor 1 (PLA2R1) and HLA-DQA1 closely associate with idiopathic membranous nephropathy (IMN) in the European population, but it is unknown whether a similar association exists in the Chinese population and whether high-risk alleles promote the development of anti-PLA2R antibodies. Here, we genotyped 2132 Chinese individuals, including 1112 patients with IMN and 1020 healthy controls, for three single nucleotide polymorphisms (SNPs) within PLA2R1 and three SNPs within HLA genes. We also selected 71 patients, with varying genotypes, to assess for circulating anti-PLA2R antibody and for PLA2R expression in glomeruli. Three SNPs within PLA2R1 and one SNP within HLA-DQA1 strongly associated with IMN, and we noted gene-gene interactions involving these SNPs. Furthermore, these risk alleles strongly associated with the presence of anti-PLA2R antibodies and glomerular PLA2R expression. Among individuals who carried risk alleles for both genes, 73% had anti-PLA2R antibodies and 75% expressed PLA2R in glomeruli. In contrast, among individuals who carried protective genotypes of both genes, none had anti-PLA2R antibodies and glomerular expression of PLA2R was weak or absent. In conclusion, the interaction between PLA2R1 and HLA-DQA1 risk alleles associates with the development of IMN in the Chinese population. Individuals carrying risk alleles are predisposed to the generation of circulating anti-PLA2R autoantibodies, which may contribute to the development of IMN.
Idiopathic membranous nephropathy (IMN), characterized by subepithelial glomerular immune deposits and glomerular membrane thickening, is one of the most common reasons for adult nephrotic syndrome. [1] [2] [3] It is now recognized that IMN is an organ-specific autoimmune disease. To date, two major antigens have been identified in human membranous nephropathy. The first is neutral endopeptidase, the alloantigen involved in neonatal cases of membranous nephropathy that occur in newborn infants from neutral endopeptidase-deficient mothers. 4 The second is the M-type phospholipase A2 receptor (PLA2R), the first autoantigen identified in adult IMN patients. 5 PLA2R is a type I transmembrane protein expressed on glomerular podocytes, forming subepithelial deposits in situ through binding of circulating anti-PLA2R autoantibodies. Another key finding in membranous nephropathy comes from a genome-wide association study (GWAS) using European white ancestry. Stanescu et al. identified risk alleles at two genome loci containing PLA2R1 and HLA-DQA1, which both contribute to the risk of membranous nephropathy. 6 These results strongly support an interaction between HLA-DQ and PLA2R in the pathogenesis of membranous nephropathy. It has been postulated that certain genetic variants of PLA2R1 yield peptides with strong affinity for specific HLA-DQA1 variants that subsequently confer a predisposition to anti-PLA2R autoantibody generation. Although there are studies reporting an association between PLA2R1 gene polymorphisms and IMN in Asian populations from Korea and Taiwan, 7, 8 no study thus far has evaluated whether the gene interaction between PLA2R1 and HLA-DQA1 contributes to production of anti-PLA2R autoantibodies and development of IMN in an independent cohort.
In China, IMN accounts for .25% of nephrotic syndrome and 6.7% of all biopsy glomerular disease, 9 which is not as prevalent as that reported in Western countries. [9] [10] [11] [12] [13] [14] In this study, we aim to evaluate the association between these risk alleles and the development of IMN in a large Chinese cohort with .2000 participants and to further explore their roles in the generation of anti-PLA2R antibodies and expression of PLA2R in glomeruli.
RESULTS

Study Participants
The characteristics of IMN patients and controls are listed in Supplemental Table 1 . Overall, IMN was predominant in men (men/women 5 1.26:1) with a mean age of 49613 years. Healthy controls comprised 527 men and 493 women (men/ women 5 1.07:1) with a mean age of 35610 years. There was no significant difference in sex distribution (P50.06), but the healthy controls were much younger than the IMN patients (P,0.001). Deviation from the Hardy-Weinberg equilibrium was not observed for any of the SNPs in the patients or controls. , whereas the other two SNPs, rs11244 in HLA-DOB and rs2301271 in HLA-DQB2, which were identified in the Caucasian population, were not associated with IMN. The genotype distribution was shown in Supplemental Table 2 .
Association of Gene Polymorphisms with IMN
The linkage disequilibrium (LD) analysis revealed that rs35771982, rs3749117, and rs4664308 are in the tight region of LD block in healthy control individuals. Risk genotypes of PLA2R1 were strongly associated with pathologic phenotype (P,0.001) even after adjusting for sex, age, duration of disease, BP, and treatment (Table 2 and Supplemental Table 3 ). No association was observed between HLA-DQA1 and IMN pathologic phenotype. No association between clinical characteristics and risk alleles of PLA2R1 and HLA-DQA1 was observed regarding baseline proteinuria, kidney function, and BP.
Genetic Interaction Analyses between PLA2R1 and HLA-DQA1 Logistic regression showed rs4664308 best explaining the signal in this highly linked region (Supplemental Table 4 ). Thus, the following gene-gene analyses were performed between rs4664308 (PLA2R1) and rs2187668 (HLA-DQA1). Multiplicative interaction analysis indicated that HLA-DQA1 had an interactive effect with PLA2R1 in the Chinese population with IMN (P55.85310 23 ). For additive interaction, as shown in Figure 1 Table 6 ). Gene-gene interaction analyzed by the chi-squared test and logistic regression, as well as additive and multiplicative interaction, could be observed between PLA2R1 and HLA-DQA1 (Supplemental Tables 4-8) .
Association between PLA2R1/HLADQA1 Genotype and Anti-PLA2R Antibody Seventy-one patients were selected according to genotype for the detection of circulating anti-PLA2R antibodies (Table 3) . We divided them into two groups based on genotypes of PLA2R1, including 24 patients with protective genotypes of CC in rs35771982, CC in rs3749117, and GG in rs4664308 (PLA2R1 low-risk genotype; n524) and 47 with high-risk genotypes of GG in rs35771982, TT in rs3749117, and AA in rs4664308 (PLA2R1 high-risk genotype; n547), or based on the HLA-DQA1 genotype, including the HLA-DQA1 low-risk genotype (GG in rs2187668 of HLA-DQA1; n540) and the HLA-DQA1 high-risk genotype (AA or GA in rs2187668; n531). As shown in Figure 2 , we detected anti-PLA2R antibodies in serum of only 1 of 24 patients (4%) with the PLA2R1 low-risk genotype and in 35 of 47 patients (74%) in the highrisk genotype with anti-PLA2R autoantibodies (P,0.001).
In addition, 16 of 40 patients (40%) with the HLA-DQA1 low-risk genotype and 20 of 31 patients (65%) with the HLA-DQA1 high-risk genotype also had positive results (P50.04).
Importantly, we did not detect anti-PLA2R antibodies in any of the 19 patients (0%) with both PLA2R1 and HLA-DQA1 low-risk genotypes. We detected anti-PLA2R antibodies in 1 of the 5 patients (20%) with the HLA-DQA1 high-risk genotype and the PLA2R1 low-risk genotype. In addition, we detected autoantibodies in 16 of the 21 patients (76%) with the PLA2R1 high-risk genotype and the HLA-DQA1 low-risk genotype and 19 of the 26 (73%) patients with both high-risk genotypes (P,0.001). This trend was even more obvious among those not receiving immunosuppressive therapy (n550), with proportions of 0%, 0%, 73%, and 89% respectively (P,0.001) ( Table 3) .
Association between PLA2R1 Genotype and PLA2R Expression
We also evaluated PLA2R expression in glomeruli among patients with different genotypes of PLA2R1 and HLA-DQA1 (Figure 3) . Immunohistochemical analysis for PLA2R had low expression (faint positive) in kidneys of normal individuals and patients with other glomerular disease, including minimal change disease, IgA nephropathy, or secondary membranous nephropathy (hepatitis virus type B associated nephropathy). Overall, the expression of PLA2R on podocytes highly correlated with circulating anti-PLA2R antibodies in IMN. Only 2 of the 24 individuals (8%) with the PLA2R1 low-risk genotype presented with enhanced PLA2R expression in the glomeruli, whereas 34 of the 45 patients (76%) with the highrisk genotype presented enhanced PLA2R expression (P,0.001). Similarly, 16 of the 40 patients (40%) with the HLA-DQA1 low-risk genotype showed enhanced PLA2R expression, and 20 of 29 patients (69%) with the high-risk genotype had enhanced PLA2R expression (P50.02). None of the 19 patients with both protective genotypes of the PLA2R1/ HLA-DQA1 genotype had enhanced expression, whereas 18 of 24 patients (75%) with both risk genotypes showed high expression in glomeruli (P,0.001) ( Table 3) .
DISCUSSION
In this large Chinese population with .2000 participants, we confirmed that the risk alleles of PLA2R1 and HLA-DQA1 are closely associated with the susceptibility of IMN, and patients with both risk alleles confer .11 times the risk of developing membranous nephropathy. Importantly, our results for the first time shows that patients with these risk alleles, especially with PLA2R1 risk alleles, are closely associated with circulating anti-PLA2R antibodies in serum as well as the expression of PLA2R in glomeruli. None of the patients with protective alleles in both PLA2R1 and HLA genes circulating anti-PLA2R antibodies or enhanced expression of PLA2R were found in podocytes; however, we could detect autoantibodies and enhanced PLA2R expression in the kidney for .70% of persons homozygous for the risk alleles of both variants. Our study supports the hypothesis that coexistence of risk alleles in PLA2R1 and HLA in the same person may circumvent the tightly regulated adaptive immune system and allow for the development of membranous nephropathy. These data expand our understanding of the pathogenesis of IMN.
Stanescu and colleagues reported that sequence variance within the HLA locus and PLA2R1 were associated with the susceptibility of IMN in the Caucasian population. A stronger association with HLA than with PLA2R1 was observed in persons of white ancestry. 6 In this study, we found that the frequency of risk alleles in HLA-DQA1 was much less in the Chinese population than in the Caucasian population (12.1% versus 39.2%). It was reported that membranous nephropathy was much less common in the Chinese population than in the white population. [9] [10] [11] [12] [13] [14] Although both HLA-DQA1 and PLA2R1 are associated with the development of membranous nephropathy in the Chinese population, PLA2R1 gene variance has shown a much stronger association with the development of IMN as well as the production of anti-PLA2R autoantibodies. In this study, we explored other SNPs in HLA-DOB and HLA-DQB2, which showed a relatively strong signal in European GWAS data; however, only HLA-DQA1 was identified as being associated with membranous nephropathy in the Chinese Han population. These data suggest a racial difference in the genetic contribution of membranous nephropathy. Interestingly, we note that the risk alleles of PLA2R1 are so commonly found in the general population that this suggests that other risk factors should jointly contribute to the development of membranous nephropathy. Indeed, as a complex trait determined by genetic and environmental factors, these risk alleles themselves cannot determine the disease development. We also speculate that these risk alleles might have other roles in human evolution.
Seminal studies have identified several autologous antigens that are targets of an autoantibody response in membranous nephropathy. The leading candidate autoantigen is M-type PLA2R in podocytes. Autoantibodies to PLA2R, usually of the IgG4 subclass, are found in 70%-80% of patients with primary membranous nephropathy. 5, 15 The level of autoantibody to PLA2R correlates with the severity of clinical manifestation and progression of this disease. 16 In this study, we found that the production of autoantibodies is closely associated with sequence variance of PLA2R1 and HLA-DQA1, especially the identified SNPs in PLA2R molecules. We could detect anti-PLA2R autoantibodies in .70% patients with risk alleles of PLA2R1 and HLA-DQA1, whereas none of the patients with protective alleles of both genes could be detected with anti-PLA2R antibodies. How would this occur? It is postulated that certain sequence variation in PLA2R1 could control the pattern of antigen-peptide processing through conformational change that is recognized by HLA-DQA1 and facilitate the anti-PLA2R production. In this study, we also found that the PLA2R antigen was detected strongly in glomeruli in patients carrying risk alleles, whereas it was weakly detected in participants with the protective genotype. This finding is consistent with a greater tendency to detect circulating anti-PLA2R antibodies in the serum of patients with high-risk alleles.
To our knowledge, this study represents the largest genetic study in membranous nephropathy that confirms the association between PLA2R1/HLA-DQA1 and disease development. Furthermore, we also identified the association between PLA2R expression, anti-PLA2R antibody generation, and these risk alleles. These findings provide the functional clues, at least the identified SNPs in PLA2R1, for further investigation of the pathogenic contribution in IMN. The major limitation was that this was a validation study based on the reported candidate SNPs of the PLA2R1/HLA-DQA1 gene, which might have different predominance in different populations. More studies on PLA2R1/HLA-DQA1 gene variation and its association with the generation of anti-PLA2R antibodies are needed.
In conclusion, this study has firmly confirmed that PLA2R1/ HLA-DQA1 is strongly associated with the susceptibility of IMN in the Chinese population. Furthermore, individuals carrying risk alleles confer a predisposition to anti-PLA2R autoantibody generation and PLA2R expression, which may contribute to the development of membranous nephropathy.
CONCISE METHODS
Patients
A total of 2132 participants, comprising 1112 patients with biopsydiagnosed IMNand 1020 healthy controls, were enrolled in our study. All of the participants were of Han ethnicity. IMN diagnosis was established by kidney biopsy in patients who lacked features suggestive of secondary causes, such as hepatitis B virus infection, SLE, cancer, or drug.
This study was approved by the Ethics Committee of Peking University and informed written consent was obtained from all participants.
SNP Selection and Genotyping
A total of six SNPs-including rs35771982 and rs3749117 located in exon 5, rs4664308 located in intron 1 of PLA2R1, and rs2187668 in HLA-DQA1, rs11244 in HLA-DOB, and rs2301271 in HLA-DQB2-were selected to validate their association with susceptibility to IMN. Among them, rs4664308 and rs2187668 are reported to be strongly associated with IMN in the Caucasian population of a GWAS study. 6 Two SNPs correlated with rs4664308 (r 2 .0.80), encoding nonsynonymous amino acid (rs3749117, M292Vand rs35771982, H300D) in the extracellular C-type lectin domain 1 of PLA2R1, were also selected in this study. A replication study also included two additional HLA SNPs that showed an association with IMN in Caucasians.
Genomic DNA was isolated from whole blood using a modified salt extraction technique. TaqMan allele discrimination assays (Applied Biosystems, Foster City, CA) were used to determine the genotypes according to the manufacturer's instructions. The variants were detected using an ABI Prism 7500 Sequence Detection System (Applied Biosystems).
PLA2R Antibody and Renal Biopsy Staining Detection
Serum samples from 71 patients with different genotypes were collected 1 day before renal biopsy. Circulating PLA2R autoantibody in serum was assessed by direct immunofluorescence assay with the use of HEK293 cells that were transiently transfected with full-length complementary DNA encoding a PLA2R1 isoform (FA1254-1005-50; EUROIMMUN AG, Lübeck, Germany). The detection was performed on an immunofluoresent assay (IFA) Mosaic slide following the standard instructions as previously reported. 17 Antibody positivity was defined as positive staining at serum dilutions $1/10. Negativity of anti-PLA2R1 was defined as absence of detectable antibodies at 1/10 dilution. Renal specimens of the 71 patients were immunohistochemically stained with a rabbit polyclonal anti-PLA2R-AB (Atlas Antibodies AB, Stockholm, Sweden). Staining was performed on formalin-fixed paraffin-embedded renal biopsies. For PLA2R staining, 5-mm-thick sections were deparaffinized, hydrated, and subjected to microwave thermal treatment for 11 minutes for antigen retrieval. The detection system (Dako EnVision HRP; Dako A/S, Copenhagen, Denmark) was an avidin-free two-step indirect method with anti-rabbit (as well as anti-mouse) antibodies produced in goat conjugated with horseradish peroxidase as secondary antibodies. Sections were examined by light microscopy. As negative controls, primary antibodies were replaced by PBS. Enhanced positivity of glomerular PLA2R expression was defined as linear or granular, diffuse PLA2R staining on glomeruli as previously described. 18 
Statistical Analyses
The genotype frequencies of SNP were tested separately for HardyWeinberg equilibrium in patients and controls. Associations between disease and SNP were analyzed by chi-squared tests or by logistic regression analysis. LD was tested using Haploview (Broad Institute, Cambridge, MA). Statistical power was estimated using PS Power and Sample Size Calculation software (Vanderbilt University, Nashville, TN). Gene interaction analyses were conducted by logistic regression and the chi-squared test. Statistical analysis was performed using the t test, nonparametric Mann-Whitney U test, and one-way ANOVA for comparison of continuous variables, as well as the chi-squared test or logistic analysis for categorical variables. Statistical analysis was performed with the SPSS 16.0 software package (SPSS Inc, Chicago, IL). A two-tailed P value ,0.05 was considered statistically significant. The Bonferroni correction was applied to adjust P values for multiple comparisons.
